Three reversible states controlled on a gold monoatomic contact by the 

electrochemical potential 
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Conductance of an Au mono atomic contact was investigated under the electrochemical potential 
control. The Au contact showed three different behaviors depending on the potential: 1 Go (Go = 
2^ jh), 0.5 Go and not-well defined values below 1 Go were shown when the potential of the contact 
was kept at -0.6 V (double layer potential), -1.0 V (hydrogen evolution potential), and 0.8 V (oxide 
formation potential) versus Ag/AgCl in 0.1 M Na2S04 solution, respectively. These three reversible 
states and their respective conductances could be fully controlled by the electrochemical potential. 
These changes in the conductance values are discussed based on the proposed structure models of 
hydrogen adsorbed and oxygen incorporated on an Au mono atomic contact. 

PACS numbers: PACS numbers: 73.63.Rt, 73.40.Cg, 73.40.Jn 
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INTRODUCTION 

Study of charge transport in atomic scale metal or 
molecular nano wires is of fundamental interest, with 
potential applications for ultra-small electronic devices 
[II, 0|- In order to use these nano wires for devices, their 
conductance should be tunable by some external field, 
such as light or magnetic field. There are some experi- 
mental challenges to controlliiig the conductance of nano 
wires by an external field [E S S, 01 ■ The switching 
of a photochromic molecular wire from the conducting 
state to the insulating state was observed by radiation of 
visible light 0]. A change in the conductance behavior 
by molecular adsorption was observed for Au, Pt, Cu, 
Fe, Co, and Ni nano wires 0, [ESiBl- Here, it should be 
noted that the conductance can be switched from the off 
state to the on state or vice versa (among two states) in 
most studies. If the conductance of the nano wires could 
be controlled among three different conductance states, 
it would have attracted wide attention for fundamental 
science and technological applications. 

In the present study, we paid attention to the electro- 
chemical potential as an external field [1, [^, [13, U , 



The electrochemical potential can control the procession 
of two individual electrochemical reactions on a metal 
surface by changing the electrochemical potential of the 
metal electrode by only several volts. For example, hy- 
drogen or oxygen evolution proceeds when the electro- 
chemical potential of Pt electrodes is maintained at more 
negative than -0.2 V or more positive than -1-1.3 V ver- 
sus Ag/AgCl in 0.1 M H2SO4 solution, respectively [li |. 
The clean hydrogen or oxygen adsorbed states can be se- 
lectively prepared by controlling the electrochemical po- 
tential. Several states of the surface condition, at least 
three, can be maintained under the electrochemical po- 
tential control. If the conductance of the metal nano wire 
can be defined by the surface condition of the wire, the 



conductance of the metal nano wire may be controlled by 
the electrochemical potential. Au was investigated in the 
present study for the following reasons. First, the hydro- 
gen and oxygen evolution can proceed without dissolving 
the Au ions from the Au electrode; this is a characteris- 
tic of the Au electrode in solution. In the case of Ni, Ni 
rapidly dissolves at the oxygen evolution potential [13| . 
It is thus difficult to prepare stable Ni nano wires under 
oxygen evolution. Second, the Au mono atomic contact 
shows a well defined fixed conductance value. It normally 
shows 1 Go (2e^/7i), and it shows 0.5 Go under hydro- 
gen evolution [s^, Tz] . Showing well defined conductance 
values is useful for the understanding and utilization of 
the metal nano wire. Under ultra high vacuum (UHV) 
condition, the Au mono atomic contact does not show 
a well-defined fractional conductance value by the intro- 
duction of hydrogen molecule [4]. In solution, the Au 
mono atomic contact shows well defined fractional con- 
ductance. Hydrogen incorporated wire, dimerized wire, 
and other atomic and electronic structures of the wire, 
were proposed to be the origin of the fractional conduc- 
tance value [1, However, the actual origin is not 
clear at present. In addition, the effect of oxygen on the 
Au mono atomic contact, such as the structure, stability, 
and conductance, in solution is not clear. In the present 
study, we have studied the Au mono atomic contact un- 
der the electrochemical potential control to reveal the 
effect of hydrogen and oxygen on the conductance be- 
havior and to control the conductance of the Au mono 
atomic contact among three different states. 



EXPERIMENTAL 

The experiments were performed with the modified 
scanning tunneling microscope (STM: Pico-SPM, Molec- 
ular Imaging Co.) with a Nano Scopellla controller (Dig- 
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ital Instruments Co.) in an electrochemical cell (see Ref 
for a deta led description of the experimental 
setup and conditions). The STM tip was made of an Au 
wire (diameter 0.25 mm, > 99 %) coated with wax to 
eliminate ionic conduction. The Au(lll) substrate was 
prepared by a flame annealing and quenching method. 
Figure [TJa) shows a schematic view of the experimental 
setup. The electrochemical potential (</>) of the Au tip 
and substrate was controlled using a potentiostat (Pico- 
Stat, Molecular Imaging Co.) with an Ag/AgCl refer- 
ence electrode. A 0.50 mm diameter Pt wire was used as 
a counter electrode. The STM tip was repeatedly moved 
into and out of contact with the Au substrate at a rate 
of 50 nm/s in an electrolyte solution. The electrolyte 
solution was 0.1 M Na2S04 or 50 mM H2SO4. Conduc- 
tance was measured during the breaking process under 
an applied bias of 20 mV between the tip and substrate. 
All statistical data was obtained from a large number 
(over 1000) of individual conductance traces. Figure[TJb) 
shows the cyclic voltammogram (CV) of an Au electrode 
in the 0.1 M Na2S04 solution. The double layer regime 
extended from (j> = -0.7 V to 0.8 V. When the electro- 
chemical potential of the Au electrode was kept at a po- 
tential more positive than ~ 1.3 V, the oxygen evo- 
lution proceeded via the formation of an oxide layer on 
the Au electrode. The hydrogen evolution proceeded at 
a potential more negative than cj) — -0.7 V [H, Q, 
Conductance of the Au nano contacts was measured at 
(f) = -0.6V (double layer potential), 4> = -1-0 V (hydro- 
gen evolution potential) and </> — 0.8 V (oxide formation 
potential). 



RESULTS AND DISCUSSION 

Figure [2] shows the typical conductance traces and his- 
tograms of the Au nano contacts in 0.1 M Na2S04 so- 
lution during breaking the contact at the double layer, 
hydrogen evolution and oxide formation potentials. At 
the double layer potential (Fig. (Hb), (e)), the conduc- 
tance decreased in a stepwise fashion with each step oc- 
curring at integer multiples of Go. The corresponding 
conductance histograms showed a well-defined peak near 
1 Go, which corresponded to a clean Au atomic contact or 
wire 0]. At the hydrogen evolution potential (Fig. [^JJa), 
(d)), reversible transition of the conductance between 1 
Go and 0.5 Go was observed. This conductance fluctua- 
tion resulted in the 0.5 Go peak in the conductance his- 
togram. At the oxide formation potential (Fig. [21(c), (f)), 
the conductance continuously decreased stepwise at var- 
ious conductance values below 1 Go. The corresponding 
histogram showed a broad feature at 1 Go together with 
a large background. The conductance of the Au mono 
atomic contact could be controlled among three differ- 
ent conductance states (1 Go, 0.5 Go and conductance 
below 1 Go) by the electrochemical potential of the con- 



tact. These electrochemical potential dependent changes 
were fully reversible. The potential in which the 0.5 Go 
peak (or large background) appeared in the conductance 
histogram agreed with the onset potential of the hydro- 
gen evolution (or oxide formation) reaction on the Au 
electrode. In the conductance histogram, the intensity of 
the 0.5 Go peak normalized by the 1 Go peak increased, 
and then saturated, as the potential was scanned from 
the double layer potential to the hydrogen evolution po- 
tential. The intensity of the background continuously 
increased, as the potential was scanned from the double 
layer potential to the oxide formation potential. The 1 
Go peak was not apparent in the conductance histogram 
at more positive than = 1.0 V. 

The conductance behavior of the Au mono atomic con- 
tact was investigated in other electrolytes, 0.1 M NaCl, 
0.1 M NaOH, 50 mM H2SO4, and 0.1 M HCIO4. In the 
conductance histogram, a large background below 1 Go 
was observed at the oxide formation potential, while the 
0.5 Go peak was observed at the hydrogen evolution po- 
tential. In acid solution (50 mM II2SO4, 0.1 M HCIO4), 
the 0.1 Go peak was observed in the conductance his- 
togram, in addition to the 0.5 Go peak at the hydrogen 
evolution potential. Figure [3] shows the typical conduc- 
tance traces and histogram of the Au nano contacts in 
50 mM II2SO4 solution during breaking the contact at 
the hydrogen evolution potential. Reversible transitions 
of the conductance between 1 Go and 0.5 Go, 0.5 Go and 
0.1 Go were observed in the conductance traces. This 
conductance fluctuation resulted in the 0.5 Go and 0.1 
Go peaks in the conductance histogram. The 0.1 Go 
peak in Fig. [3Kb) seems very sharp compared to other 
1 Go and 0.5 Go peaks. The half width at half maximum 
(W) of the histogram was 0.14, 0.15, 0.08 Go for the 1, 
0.5, 0.1 Go peaks, respectively. On the other hand, the 
relative peak width (W / conductance ratio) was 0.14, 
0.28, 0.74 for the 1, 0.5, 0.1 Go peaks, showing that the 
0.1 Go peak became broader than the 0.5 Go and 1 Go 
peaks. 

The electrochemical potential dependence of the sta- 
bility of the Au atomic contact was investigated in 0.1 
M Na2S04 solution. Figure [Jfa) shows the distribution 
of lengths for the last conductance plateau (Diast)- The 
length of the last plateau was defined as the distance be- 
tween the points at which the conductance dropped be- 
low 1.3 Go and 0.05 Go , respectively. At the double layer 
potential, the contact broke within 0.2 nm. The contact 
could be stretched a longer distance at the hydrogen evo- 
lution and oxide formation potential. The average length 
of the Au mono atomic contact was 0.08 nm, 0.15 nm, 
and 0.18nm at the double layer, hydrogen evolution, and 
oxide formation potentials, respectively. At the hydrogen 
and oxygen potential, the mono atomic contact could be 
stretched 0.4 nm in length. Considering the Au-Au dis- 
tance of 0.25 nm in the Au mono atomic contact obtained 
at low temperature in UHV [IG], the Au mono atomic 
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wire could be formed in solution at the hydrogen evolu- 
tion and oxide formation potential. Of course, the long 
stretched length did not directly indicate the formation 
of a mono atomic wire; the stem part of the Au contact 
might be deformed during the stretching. Although the 
formation of the Au mono atomic wire was not clear, the 
Au mono atomic contact was found to be stabilized at 
the hydrogen evolution and oxide formation potential. 

In order to investigate the transformation process of 
the Au mono atomic contact in more detail, the dis- 
tribution of lengths was analyzed for the 1 Gq plateau, 
which corresponded to a clean Au mono atomic contact 
(Dig: see Fig.lHb)). The length of the 1 Go plateau 
was defined as the distance between the points at which 
the conductance dropped below 1.3 Go and 0.8 Go, re- 
spectively. At the double layer and hydrogen evolution 
potential, the Dig was similar to the Diast- The 1 Go 
plateau could be stretched 0.4 nm in length at the hy- 
drogen evolution potential. On the other hand, the 1 Go 
plateau was very short (< 0.2 nm) at the oxide formation 
potential, although the last conductance plateau could be 
stretched 0.4 nm in length. The Dig at the oxide forma- 
tion potential was close to the Dig and Diast at the dou- 
ble layer potential. At the hydrogen evolution potential, 
the close agreement between the Dig and Diast indicated 
that the formation of the structure showing 0.5 Go would 
not relate with the stabilization of the Au mono atomic 
contact at the hydrogen evolution potential. At the oxide 
formation potential, the conductance of the Au contact 
continuously decreased stepwise at various conductance 
values after showing 1 Go. Combing with this contin- 
uous change in conductance value, the close agreement 
between the Dig at the oxide formation potential and 
the Dig at the double layer potential suggested the fol- 
lowing transformation process of the Au atomic contact. 
Initially, the clean Au mono atomic contact was formed 
during the stretching the contact. Then, the structure 
showing conductance value below 1 Go would be formed 
at the oxide formation potential. 

Here, the present experimental results are compared 
with our previously reported results measured in 0.1 M 
Na2S04 and 50 mM II2SO4 solution [I4]. In our previous 
study, it was revealed that the electrochemical poten- 
tial significantly affected the stability and conductance 
of the Au mono atomic contact. At the hydrogen evolu- 
tion potential, the conductance histogram showed the 0.5 
Go peak, whose intensity could be tuned by the electro- 
chemical potential. The stability of the Au mono atomic 
contact could be also tuned by the electrochemical poten- 
tial. As the potential of the Au electrodes was scanned 
from (p = 0.5 V to negative, the average length of the 
last conductance plateau decreased at (p = -0.2 V, and 
then reached a minimum value at cj) — -0.4 V in 0.1 M 
Na2S04 solution. Polarization more negative than (j> — 
-0.6 V led to the recovery of the length. At the hydrogen 
evolution potential {(p < -0.6 V), the 1 nm long Au mono 



atomic wire could be occasionally fabricated. The dis- 
tribution of lengths for the last conductance plateau was 
investigated at the hydrogen evolution potential. The 
same behavior was observed again in the present sys- 
tem. In addition to previously reported characteristics, 
several interesting features appeared in the present sys- 
tem. First, the Au atomic contact showed the third con- 
ductance value (various conductance values below 1 Go) 
at the oxide formation potential. Second, the Au mono 
atomic contact showed not only 0.5 Go but also 0.1 Gq in 
acid solution at the hydrogen evolution potential. This 
0.1 Go peak was not apparent in the conductance his- 
togram in Fig. 6 of Reference [l3], because the inten- 
sity of the background around 0.1 Go was beyond the 
vertical axis range of the conductance histogram in Fig. 
6 of Reference Third, the Au atomic contact was 

stabilized at the oxide formation potential. Fourth, the 
distribution of lengths for the last conductance plateau 
was investigated at the double layer and oxide formation 
potential. The distribution of lengths was also shown for 
the 1 Go plateau, which provided information about the 
transformation process of the Au mono atomic contact 
during the stretching the contact. Fifth, the distribution 
of lengths for the conductance plateau was precisely de- 
termined by the statistical analysis with a large number 
of measurements for 10 different samples (20000 traces). 
In our previous report, the distribution of lengths for 
the last conductance plateau was obtained from limited 
number of conductance traces (~1000 traces) for one ex- 
traordinarily stable sample at the hydrogen evolution po- 
tential [l3|. Although very stable Au mono atomic wire 
occasionally could be fabricated, most of the Au atomic 
contact broke within 0.4 nm in length. So, the obtained 
distribution of lengths for the last conductance plateau 
shifted to the shorter distance compared to the previous 
result. The effect of hydrogen and oxygen on the Au 
mono atomic contacts is discussed based on these new 
findings and improvements. 

The conductance behavior of the Au mono atomic con- 
tact is compared with that in UHV. The effect of hy- 
drogen and oxygen on the Au mono atomic contact was 
investigated at low temperature in UHV 0, S]. The 
broad feature appeared below 1 Go in the conductance 
histogram of the Au contacts after the introduction of 
hydrogen gas. The feature below 1 Go was much smaller 
than the 1 Go peak [3]. The conductance histogram did 
not change with the introduction of oxygen gas Q . On 
the other hand, in solution, clear 0.5 Go and 0.1 Go peaks 
appeared in the conductance histogram at the hydrogen 
evolution potential. A broad feature appeared below 1 
Go at the oxide formation potential. These results sug- 
gest that a specific structure of the Au mono atomic con- 
tact with a well-defined fractional conductance value (0.5 
Go or 0.1 Go) was formed at the hydrogen evolution po- 
tential, and various structures in which oxygen strongly 
interacted with the atomic contact were formed at the 



4 



oxide formation potential. The electrochemical poten- 
tial determines the potential energy of electrons of the 
metal nano contact, resulting in the control of the bond- 
ing strength between the metal atoms, and of the inter- 
action of the metals with molecules in the surrounding 
medium. These facts make it possible to use the envi- 
ronment to set the metal contacts, which cannot be set 
in other environments such as in UHV and in air, lead- 
ing to successful fabrication of very stable metal nano 
structures showing the conductance quantization which 
cannot be observed in UHV. 

The structure of the Au mono atomic contact at the 
hydrogen evolution and oxide formation potential is dis- 
cussed based on the previously reported experimental re- 
sult of a flat Au surface and theoretical calculation result. 
The hydrogen and oxygen evolution reaction on the flat 
Au electrodes in solution has been investigated by the 
analysis of current-potential curves [3, 14, [3]. When 
the electrochemical potential of the Au electrode is kept 
positive {(j) > 1.6 V) in acidic solution, oxygen evolution 
has been proposed to proceed through the following pro- 
cess. First, hydroxyl ions adsorb onto the Au surface 
forming surface hydroxides (1), second, surface hydrox- 
ides convert to oxides (2), and third, O2 (gas) desorbs 
from the surface (3). 

Au-hHzO ^ Au-OH + H+ + c- (1) 

2Au-0H ^ Au-0 + Au + H2O (2) 

2Au-0 ^ 2AU-HO2 (3) 

When the electrochemical potential of the Au electrode 
is kept negative (0 < -0.3V) in acid solution, hydrogen 
evolution proceeds through the following process. First, 
protons adsorb onto the Au surface (4), and H2 (gas) 
desorbs via surface diffusion and recombination of two 
adsorbed H atoms (5) or a combination of adsorbed H 
atoms and proton (5'). 

Au-hH30+ + c- ^ Au-H +H2O (4) 

2Au-H ^ 2Au-hH2 (5) 

Au-H-h H3O+ e- ^ Au H2 + H2O (5') 
In the CV of the Au electrode in 0.1 M Na2S04 solu- 
tion (Fig. mb)), the main anodic peak above (p— 0.8 V 
and an increase in the oxidation current above (j)= 1.3 

V correspond to the oxide formation process (2) and the 
O2 (gas) desorption process (3). As for the surface oxide, 
higher oxide (AU2O3) or hydroxide (Au(0H)3) was pro- 
posed [15]. The increase in redox current below (p— -0.7 

V corresponds to the H2 (gas) desorption process (5). 
The surface coverage of hydrogen was estimated to be 
very small (< 0.3 %)[l^. Here, it should be noticed that 
the detail reaction mechanism of the oxygen and hydro- 
gen evolution reaction on the Au electrode has not been 
fully understood up to now. In addition, the reaction 
on the Au mono atomic contact might not be the same 
as that on the flat Au electrode. However, the observed 
conductance behavior and the reaction on the flat metal 
surface strongly suggested that the oxygen or hydrogen 
is adsorbed on or incorporated into the Au mono atomic 



contact at the oxide formation and hydrogen evolution 
potential. 

The structure of the Au mono atomic contact is dis- 
cussed with the previously reported theoretical calcula- 
tion result. The interaction between the Au mono atomic 
wire and oxygen or hydrogen has been investigated with 
theoretical calculations 17, [11, [l^. Theoretical calcu- 
lation results showed that the hydrogen Is orbital or 
oxygen 2p orbital effectively hybridized with the Au 5d 
and Au 6s orbitals. Due to the strong interaction, oxy- 
gen and hydrogen molecules dissociated on the Au mono 
atomic wire, and then were stably incorporated into the 
Au mono atomic wire. In the hydrogen (oxygen) incorpo- 
rated wire, we can expect electron transfer from hydrogen 
to Au (from Au to oxygen). The Au wire would be, thus, 
positively (negatively) charged for the hydrogen (oxygen) 
incorporated wire. Because of the formation of hydrogen 
or oxygen incorporation into the wire, the conductance of 
the Au mono atomic wire decreased to 0.6-0.01 Go, pos- 
sibly due to scattering or interference of conducting elec- 
trons in the wire. No preferential atomic configurations 
were found for the hydrogen or oxygen incorporated Au 
mono atomic wire. Jelinek et al. calculated the conduc- 
tance of the Au mono atomic wire in which a hydrogen 
atom or an undissociated molecule adsorbed on it [18l |. 
The conductance value was calculated to be 0.7-0.5 Go 
and 1.05-0.95 Go for the Au atomic contact in which a hy- 
drogen atom and molecule adsorbed on it, respectively. 
The adsorbed atomic hydrogen effectively affected the 
conductance of the Au mono atomic wire, as is the case 
for the incorporation of hydrogen into the Au wire. On 
the other hand, the conductance value of the Au atomic 
wire with an adsorbed undissociated hydrogen molecule 
did not change from that of the clean Au atomic wire 
(1 Go). The adsorbed undissociated hydrogen molecule 
would not affect the conductance of the Au mono atomic 
wire, in contrast with the adsorbed hydrogen atom and 
incorporated hydrogen. 

Now, we try to propose the structure model of the Au 
mono atomic contact at the hydrogen evolution and ox- 
ide formation potential based on the above discussion. 
At the oxide formation potential, various conductance 
values were observed for the Au mono atomic contact 
(see Fig. [2l[c,f)). This conductance behavior agreed with 
the calculated conductance behavior of the oxygen incor- 
porated Au wire [l7, H, 1^. So, the conductance value 
below 1 Go would originate from the oxygen incorporated 
Au mono atomic contact. Combing with the result of the 
plateau length analysis showing the long last conductance 
plateau and short 1 Go plateau which was comparable to 
the 1 Go plateau at the double layer potential, the fol- 
lowing transformation process of the Au atomic contact 
could be proposed. Initially, the clean Au mono atomic 
contact was formed during the stretching the contact. 
Then, the oxygen incorporated Au mono atomic contact 
would be formed. In contrast to the oxide formation po- 
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tential, reversible transition between 1 Gq and the well 
defined fractional conductance value (0.5 Go) were ob- 
served in the conductance trace at the hydrogen evolu- 
tion potential (see Fig. OJa)). The reversible transition 
suggests the successive adsorption and desorption of hy- 
drogen on the Au mono atomic contact. In the case of 
the atom or molecular adsorption on flat metal surfaces, 
atoms or molecules often adsorb with a fixed atomic con- 
figuration [3]. Therefore, hydrogen could also adsorb on 
the Au mono atomic contact with a certain fixed atomic 
configuration showing a fixed conductance value. When 
the hydrogen incorporates into the Au contact, the Au 
mono atomic contact would not show a fixed conductance 
value, in contrast to the present experimental result. So, 
the hydrogen adsorbed Au mono atomic contact would 
be formed at the hydrogen evolution potential. As dis- 
cussed in the previous section, the surface coverage of 
hydrogen is very low on the Au electrode and thus, 
the number of hydrogen atoms or molecules adsorbed 
on the Au mono atomic contact would be very small. 
The conductance value was calculated to be about 1.0 
Go and 0.6 Gq for the Au atomic contact in which one 
hydrogen molecule and atom adsorbed on it, respectively 
[18|. Therefore, 0.5 Gq would originate from the Au mono 
atomic contact, in which one hydrogen atom adsorbed on 
it. 

The above discussion about the Au mono atomic con- 
tact with an adsorbed hydrogen atom could be supported 
by the conductance behavior of the Au nano contacts in 
acid solution. In acid solution, the rate determining pro- 
cess of the hydrogen evolution reaction on Au electrodes 
is the surface diffusion and desorption process of H2 gas 
(5). The surface coverage of hydrogen atoms on the Au 
surface in acid solution is expected to be higher than 
that in neutral solution (Na2S04) [l^. Therefore, more 
than one hydrogen atom occasionally could adsorb on 
the Au mono atomic contact in acid solution under the 
hydrogen evolution reaction. The Au mono atomic con- 
tact with two adsorbed hydrogen atoms would show a 
smaller conductance value than that with one hydrogen 
atom. In 50mM H2SO4 and 0.1 M HCIO4, the 0.1 Go 
peak appeared in the conductance histogram in addition 
to the 0.5 Go peak at the hydrogen evolution potential 
(see Fig. El^b)). The 0.1 Go peak would originate from 
the Au mono atomic contact in which two atomic hy- 
drogen atoms adsorbed on it. This hypothesis about the 
origin of 0.1 Go peak can be supported by the conduc- 
tance behavior of the Au atomic contact in acid solution 
at the hydrogen evolution potential. In the conductance 
traces, the reversible transitions of the conductance be- 
tween 0.5 Go and 0.1 Go, 1 Go and 0.5 Go were observed 
(see Fig.[3l^a)). The reversible transitions of the conduc- 
tance between 0.5 Go and 0.1 Go suggested the successive 
adsorption and desorption of hydrogen atom on the Au 
mono atomic contact, as is the case for the reversible 
transitions of the conductance between 1 Gq and 0.5 Go. 



The appearance of the 0.1 Go peak in the conductance 
histogram also suggested that the origin of the fractional 
conductance value was not the dimerized wire proposed 
in previous study [l^ . It is because the dimerized wire 
would show one fixed conductance value (~0.5 Gq ). But, 
the Au mono atomic contact showed both 0.1 Gq and 0.5 
Go in acid solution under the hydrogen evolution. 

Improved stability of the Au mono atomic contact at 
the hydrogen evolution and oxide formation potential is 
discussed. In UHV at 4 K, stabilization of Au or Ag mono 
atomic wire was observed by oxygen incorporation into 
the wire. As for the Ag, a 2nm long mono atomic wire 
could be formed by oxygen incorporation into the wire, 
while a clean Ag forms only short atomic contact [3| ■ The 
theoretical calculation results showed that the incorpo- 
rated oxygen strengthened Au-Au and Ag-Ag bonds in 
the wire, leadin g to stabilization of the Au and Ag mono 
atomic contact |20| . The stabilization of the metal nano 
wires by molecular adsorption was also observed for Au, 
Fe, Co, and Ni nano wires [llj. This stabilization was 
explained by the decrease in the surface energy caused 
by the molecular adsorption on the metal nano wires. 
Therefore, the stabilization of the Au mono atomic con- 
tact at the oxygen formation potential could be explained 
by the increase in the bond strength in the atomic con- 
tact caused by the oxygen incorporation into the contact. 
The stabilization of the contact at the hydrogen evolu- 
tion potential could be explained by the decrease in the 
surface energy caused by the hydrogen adsorption on the 
Au mono atomic contact. The plateau length analysis 
revealed that the 1 Gq plateau was much longer at the 
hydrogen evolution potential than the double layer po- 
tential. Since the conductance of the Au mono atomic 
contact with an adsorbed hydrogen molecule was calcu- 
late to be about 1 Go [l3|, the long 1 Go plateau at the 
hydrogen evolution potential suggested that the Au mono 
atomic contact would be stabilized by the adsorption of 
a hydrogen molecule on the Au mono atomic contact. 

In the present study, the structure models of the Au 
mono atomic contact at the hydrogen evolution and oxide 
formation potential were proposed based on the experi- 
mental and theoretical calculation result. Although our 
model of the hydrogen adsorbed and oxygen incorporated 
Au mono atomic contact could explain the experimental 
results, we did not obtain direct evidence for the forma- 
tion of the hydrogen adsorbed and oxygen incorporated 
Au mono atomic contact proposed in this study. In ad- 
dition, it is not completely clear whether a hydrogen (or 
oxygen) molecule or atom adsorbed on (or incorporated 
into) the Au mono atomic contact. The model proposed 
in this study is one of the possible models. Further in- 
vestigation is needed to fix the structure formed at the 
hydrogen evolution and oxide formation potential. Al- 
though the structure model is not defined yet, our experi- 
mental results clearly showed the existence of hydrogen or 
oxygen at the Au mono atomic contact as a change of con- 
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ductance. Up to now, there is little experimental results 
which directly show the existence of hydrogen on the Au 
surface under the hydrogen evolution reaction. Based on 
the qualitative analysis of current-potential curves, the 
surface coverage of hydrogen has been estimated. Thus, 
our present study might shed light on the understand- 
ing the mechanism of the hydrogen evolution reaction on 
the Au surface, as well as the conductance modulation of 
metal nanowire. 



CONCLUSIONS 

The conductance behavior of the Au mono atomic con- 
tact was studied under the electrochemical potential con- 
trol. The stability and conductance of the Au contact 
could be fully controlled by the electrochemical potential. 
The conductance could be defined among three different 
conductance states at respective potentials: 1 Go at the 
double layer potential, 0.5 Go at hydrogen evolution and 
conductance below 1 Go at the oxide formation poten- 
tial. Based on the comparison between the conductance 
behavior and previously documented surface processes, 
we proposed the structural model. An oxygen would in- 
corporate into the contact at the oxide formation poten- 
tial. Atomic hydrogen would adsorb on the Au mono 
atomic contact at the hydrogen evolution potential. At 
the hydrogen evolution and oxide formation potential, 
the Au mono atomic contact was stabilized. The stabi- 
lization could be explained by the oxygen incorporation 
into the contact or hydrogen adsorption on the contact. 
Control of the three conductance states, stabilization of a 
fixed conductance state with hydrogen, and the appear- 
ance of the structure showing strong interaction between 
Au or oxygen were observed only for the metal contact 
under the electrochemical potential control, which could 
not be observed in other environments. The present re- 
sults showed that electrochemical potential is one of the 
promising external fields for controlling the properties of 
nano scale materials. 
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Potential (V vs. Ag/AgQ) 



FIG. 1: (a) Schematic view of the electrochemical STM, 
C.E.: counter electrode, R.E.: reference electrode, E.P.: elec- 
trochemical potential, B.V. Bias voltage, (b) Cyclic voltam- 
mogram of the Au electrode in O.IM Na2S04. 
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FIG. 2: Conductance traces and histograms of the Au nano 
contacts in O.IM Na2S04 solution. The electrochemical po- 
tential was (a, d) 4>= -1.0 V (hydrogen evolution potential) 
(b, e) 0= -0.6 V (double layer potential), and (c, f) 0= 0.8 
V (oxide formation potential). The conductance histograms 
were obtained from 5000 conductance traces of breaking the 
Au contacts. The intensity of the conductance histograms 
was normalized with the number of the conductance traces. 




Stretch length 



0.5 1.0 
Conductance (G ) 



FIG. 3: (a) Conductance trace and (b) histogram of the Au 
nano contacts in 50 mM H2SO4 solution. The electrochemical 
potential was 4>= -0.3 V (hydrogen evolution potential). The 
conductance histogram was obtained from 3000 conductance 
traces of breaking the Au contacts. 




FIG. 4: Length histogram of the Au mono atomic contact in 
O.IM Na2S04 solution. The thin, thick, and dotted lines show 
the result at </>= -0.6 V(double layer potential), </>= +0.8 V 
(oxide formation potential), and (j>= -1.0 V (hydrogen evo- 
lution potential), respectively. The length was defined as 
the distance between the points at which the conductance 
dropped below (a) 1.3 Go and 0.05 Go, (b) 1.3 Go and 0.8 Go 
, respectively. 



